INTRODUCTION {#sec1-1}
============

Most previous studies have detected the phenomenon of diaschisis using positron emission tomography\[[@ref1][@ref2][@ref3]\], single photon emission CT\[[@ref4][@ref5]\] or perfusion weighted imaging\[[@ref6][@ref7][@ref8]\]. However, positron emission tomography/single photon emission CT often require a radioactive tracer material to be injected into the body, and a γ-photon detector then indirectly observes the distribution of the compound and specifically reflects the changes of blood flow, as well as function and metabolism, in organs or lesions. In addition, these tracer materials have characteristic short half-lives and radioactivity, and the examination often requires equipment preparation in a short time windows. Therefore, compared with CT and MRI, positron emission tomography/single photon emission CT is more expensive and more radioactive (as the radioactive material is directly injected into body). At present, diffusion weighted imaging (DWI) is the only functional non-invasive MRI method available to quantify the diffusion status of water molecule in living tissue\[[@ref9][@ref10][@ref11]\]. Furthermore, apparent diffusion coefficient (ADC), which eliminates T2 from DWI, can more objectively quantize dispersion movement of tissue water molecules\[[@ref12][@ref13]\].

We suggested that if DWI findings associated with hematoxylin-eosin staining under light microscope and immunohistochemical me- thods show no changes in remote brain regions (such as the cerebellum) after middle cerebral artery occlusion (MCAO), which illustrate that remote brain regions are not affected (*i.e*., without diaschisis). However, it has also been suggested that DWI and ADC values cannot determine diaschisis. Nevertheless, if changes in ADC values are found in the cerebellum after MCAO, while light microscope and immunohistochemical results show apoptotic cells, which illustrate that cerebral infarction after left MCAO injures the cerebellum. If changes in ADC values are found in the cerebellum after MCAO while light microscope and immunohistochemical results show no apoptotic cells, which illustrate that the cerebellum has no substantial injury. This is because cerebral infarction after left MCAO indirectly leads to secondary lesion of the cerebellum *via* nerve conduction pathways, which is termed diaschisis.

Therefore, in our study, we applied the ADC of DWI in combination with the light microscopy examination of hematoxylin-eosin staining and immunohistochemistry for detecting apoptotic cells and secondary changes in the cerebellum following MCAO.

RESULTS {#sec1-3}
=======

Quantitative analysis of experimental animals {#sec2-1}
---------------------------------------------

Thirty-five rats were randomly assigned into the model group (*n* = 28) and the normal control group (*n* = 7). The rats in the model group, which involved ligation of the external carotid artery to establish the MCAO models, were divided into 1-, 3-, 9-, and 24-hour subgroups according to the time of sampling. During the MCAO modeling process, three rats died because of anesthesia accidents, and two rats died because of the sensitivity of traction vagus. Fourteen rats in the 1-hour and 3-hour subgroups all survived after MCAO; one rat in the 9-hour group and two in the 24-hour group died. The remaining rats successfully completed the MRI examination, and data of the dead animals were supplemented during further experiments and added into final experimental data.

MRI manifestation of brain tissue of MCAO rats {#sec2-2}
----------------------------------------------

T2-weighted imaging and DWI showed no differences in ADC values of the left basal ganglia and bilateral cerebella at different time points in the control group (*P* \> 0.05). As the infarction time extended, DWI showed that the infarction area of the left basal ganglia (infarction core) increased gradually to involve the cerebral cortex ([Figure 1](#F1){ref-type="fig"}), and the DWI signals were also increased. However, T2-weighted imaging and the DWI signal in the bilateral cerebellum remained unchanged ([Figure 2](#F2){ref-type="fig"}).

![Sequential MRI manifestation of infarction core of middle cerebral artery occlusion rats (diffusion weighted imaging).\
(A--D) In the 1-, 3-, 9-, and 24-hour subgroups after middle cerebral artery occlusion, the infarction area of the left basal ganglia (left high signal) increased gradually as the infarction progressed, and involved the cerebral cortex. Numbers 1 and 2 in figures represent the region of interest of symmetrical parts in the bilateral cerebrum.](NRR-8-2942-g002){#F1}

![Sequential MRI manifestation of the bilateral cerebella of middle cerebral artery occlusion rats (diffusion weighted imaging).\
(A--D) In the 1-, 3-, 9-, and 24-hour subgroups after middle cerebral artery occlusion, there were no obvious signal abnormalities in the bilateral cerebella.](NRR-8-2942-g003){#F2}

The ADC value at the infarction core and cerebellum was decreased (*P* \< 0.01) at 1 hour after infarction. Compared with the normal control group, the ADC value at the infarction core was decreased by approximately 58% (*P* \< 0.05), and the decrease in the right cerebellum (24%, *P* \< 0.05) was higher than that of the left cerebellum (20%, *P* \< 0.05). With increasing infarction time, the ADC value of the infarction core showed no apparent changes ([Figure 3](#F3){ref-type="fig"}, [Table 1](#T1){ref-type="table"}).

![Apparent diffusion coefficient maps of the cerebellum of middle cerebral artery occlusion rats.\
(A--D) In the 1-, 3-, 9-, and 24-hour subgroups after middle cerebral artery occlusion, the cerebellar signal was the lowest (blue) at 1 hour. With increasing infarction time, cerebellar signal gradually increased (yellow-green).](NRR-8-2942-g004){#F3}

###### 

Changes in apparent diffusion coefficient (ADC) values in the infarction core and the cerebella at 1--24 hours after middle cerebral artery occlusion (× 10^--4^/mm^2^)

![](NRR-8-2942-g005)

Histopathological changes in brain tissue of MCAO rats {#sec2-3}
------------------------------------------------------

In the normal control and model groups, hematoxylin-eosin staining showed evidence of large and round neuronal nuclei, located in the center of the cells in the bilateral cerebella. The cytoplasm of cells was abundant, with no obvious abnormalities. At 1 hour after MCAO, neurons in the infarct area showed no abnormalities by light microscope, but individual neurons showed nuclear hyperchromatism and cytoplasm acidophily alterations. At 3 hours after MCAO, a small number of neurons showed nuclear hyperchromatism and cytoplasm eosinophilic alterations in the infarction area. At 9 hours after MCAO, the number of neurons exhibiting nuclear karyopyknosis with pyknosis further increased in the left hemisphere. At 24 hours after MCAO, more ischemic neurons with nuclear karyopyknosis were seen in the cerebral infarction region, and in some regions the nucleus of the neurons had disappeared and the number of neurons was reduced. By contrast, the size and quantity of neurons in the bilateral cerebellum showed no abnormality by light microscope over 1--24 hours ([Figure 4](#F4){ref-type="fig"}).

![Histopathological changes in brain tissue of middle cerebral artery occlusion rats (hematoxylin-eosin staining, × 200).\
With increasing occlusion time, there was progressive worsening of secondary neuronal damage in the cerebral infarction area. By contrast, the morphology of cerebellar nerve cells was normal.](NRR-8-2942-g006){#F4}

Apoptotic cell death in brain tissue of MCAO rats {#sec2-4}
-------------------------------------------------

TUNEL staining showed that control rats exhibited normal brain cell numbers and morphology. With increasing MCAO time, the number of apoptotic cells in the infarction core gradually increased (2.40 ± 0.55/200 × field of view at 1 hour after MCAO, 6.40 ± 1.67/200 × field of view at 3 hours after MCAO, 37.40 ± 5.73/200 × field of view at 9 hours after MCAO, and 61.00 ± 7.48/200 × field of view at 24 hours after MCAO), while no apoptotic cells were observed in the cerebellum at any time point ([Figure 5](#F5){ref-type="fig"}).

![Histopathological changes in brain tissue of middle cerebral artery occlusion rats (TUNEL staining, × 200).\
With increasing occlusion time, there was a progressive increase in the number of apoptotic cells in the cerebral infarction site. By contrast, there was no evidence of apoptosis of cerebellar nerve cells.](NRR-8-2942-g007){#F5}

DISCUSSION {#sec1-4}
==========

In our study, DWI showed a high signal area at the infarction core area at 1 hour after MCAO model establishment. With increasing time of MCAO time, the signal became larger and higher, and the boundary was clearer. The statistical analysis for the changes in ADC value with time at the infarction core area showed that ADC values rapidly decreased at 1 hour after MCAO, slowly decrease at 3--9 hours, and then constantly increased during 9--24 hours, although still remained below normal levels. The changes in ADC values at the infarction core were associated with cytotoxic edema\[[@ref14]\] and vasogenic edema\[[@ref15]\]. The cells at the infarction core area remain hypertonic so that extracellular water enters into the cells and the extracellular space becomes smaller, while the total tissue water content remains constant\[[@ref16]\]. With the influence of the barrier of cell membrane and organelles, as well as the absorption of macromolecular proteins, the diffusion movements of a large proportion of intracellular water is restricted, which leads to decreasing ADC values and high signal on DWI. With the presence of progressive infarction, the collateral circulation does not compensate fully. Further, the prolonged swelling of cells induces ischemia, necrosis and gradual cellular disintegration, injury to vascular endothelial cells, damage to the blood-brain barrier, and a large amount of water and protein release from the capillary bed to the extracellular space, resulting in enlargement of the extracellular space and an increase of free water\[[@ref16]\]. Accordingly, the ADC values began to rise and the DWI signals decreased. When edema is aggravated, the overall diffusion of water molecules accelerates, resulting in a gradual increase in ADC values close to the normal level.

When DWI is applied to evaluate hyperacute and acute supratentorial cerebral infarction, most studies have examined the lesion itself and changes of the surrounding ischemic penumbra\[[@ref17][@ref18][@ref19][@ref20][@ref21][@ref22][@ref23]\], rather than examining the signal changes at remote locations such as the cerebellum. Importantly, the results of the present study indicated that the ADC values of the cerebellum changed with the development of the infarct core. Nevertheless, unlike the finding that the number of apoptotic cells at the supratentorial infarction core increased with time, no cerebellar cells were apoptotic during the 24 hours. The reason for this phenomenon may be that the nerve signal transmission originating from the fronto-parietal cortex is affected after pathological changes in neurons in the supratentorial infarction core. With the crossing nerve fibers connecting between the bilateral cerebellums, the nerve signals lead to functional inhibition of the remote cerebellum, but without pathological changes. In the present study, the ADC values were statistically different between the bilateral cerebellums after supratentorial cerebral infarction compared with those in the normal control group, indicating that supratentorial infarction brain tissue in MCAO models can affect normal signal transduction of the cortico-ponto-cerebellar neural fiber pathway\[[@ref24][@ref25][@ref26][@ref27]\]. These changes in neural activity can result in altered coupling of local blood flow\[[@ref28]\]. The ADC value within tissues can reflect water molecular diffusion and capillary perfusion\[[@ref29]\]. As such, cerebellar ADC values exhibited differences after supratentorial cerebral infarction, including contralateral (right) cerebellar diaschisis and ipsilateral (left) cerebellar diaschisis. At the same time the ADC values of the cerebellum exhibited fluctuating changes, with a mild decrease at 9 hours after infarction. The ADC values at the right cerebellum changed more than the left hemisphere, then they both decreased. The reason for these phenomena may be related to the following factors. After ischemia and hypoxia in the early phase of left MCAO, the brain tissue is compensated by the increasing blood flow and the cytotoxic edema is mitigated, and ADC values of remote controlled regions are recovered. With increasing degree of infarction, the brain tissue cannot compensate for reductions in local blood supply, resulting in neuronal necrosis. Thus, the ADC values had a slight fluctuation at 9 hours, but the variation was mild. The ADC values of the right cerebellum decreased more apparently than the left at 1 hour after infarction. This may be because the corticospinal tract nerve fibers from the frontal and parietal cortex mostly cross to the contralateral cerebellum, but only a small part of these pathways entered the ipsilateral cerebellum. Thus, left cerebral hemisphere infarction caused more severe effects on the right cerebellar hemisphere.

The changes in ADC values of distant brain structures after MCAO are consistent with the diaschisis theory\[[@ref1][@ref4][@ref6][@ref30]\]. Diaschisis is a clinical symptom that commonly appears after ischemic infarction, but which does not match the imaging examination of the infarction. Diaschisis involves the process whereby local brain damage leads to transient functional inhibition of normal structures at remote regions that exhibit fiber connections to the primary lesion area. Diaschisis can be roughly divided into the following types\[[@ref31]\]: ipsilateral hemisphere diaschisis; cerebellar diaschisis; thalamic diaschisis; and brainstem diaschisis. Diaschisis has the following features\[[@ref32]\]: (1) it is the result of local brain damage; (2) it occurs at regions remote from the area of injury; (3) it involves functional inhibition of distant brain locations; (4) it involves corresponding neuronal fiber pathways; and (5) it is a reversible process and can be recovered over a certain period of time. In our study, we discovered cerebellar diaschisis following ischemic infarction in the rat brain. The contralateral cerebellar diaschisis (crossed cerebellar diaschisis) was more obvious than ipsilateral cerebellar diaschisis after supratentorial cerebral infarction, suggesting that crossed cerebellar diaschisis is potentially important. In 1980, Baron *et al*\[[@ref4]\] first reported evidence of a decrease in contralateral cerebellar hemispheric blood flow and oxygen metabolism in patients with cerebral infarction by noninvasive 150 continuous inhalation method combined with positron emission tomography. In 1993, Sakashita *et al*\[[@ref1]\] found 11 cases (nearly 78.6%) of hypoperfusion on the contralateral cerebellar hemisphere in 14 cases of supratentorial unilateral infarction using single photon emission CT. In 2009, Lin *et al*\[[@ref6]\] analyzed magnetic resonance perfusion weighted images of 301 patients with cerebral infarction and found 47 patients with diaschisis. Similar experimental studies by Chu *et al*\[[@ref30]\] also found diaschisis in the contralateral cerebellar hemisphere using hydrogen clearance in an MCAO model with cerebral infarction. Based on these findings, the results of our study were consistent with cerebellar diaschisis.

The study of diaschisis is often limited to positron emission tomography, single photon emission CT and other traditional methods. The ^133^Xe inhalation method for measuring cerebral blood flow at remote sites has also been applied to explore clinical diaschisis phenomena\[[@ref33]\]. Subsequently, positron emission tomography was used to report diaschisis by detecting the cerebral metabolic rate of oxygen\[[@ref34]\] and cerebral metabolic rate of glucose\[[@ref35]\]. Nagasawa and Kogure\[[@ref36]\] also reported changes of distant sites after ischemia with ^45^Ca autoradiography technology in a model of transient focal ischemia induced by embolization of the right middle cerebral artery. Further, Izumi *et al*\[[@ref37]\] explored the changes in T2-weighted imaging in different brain regions after MCAO, which indirectly reflected the changes in remote brain regions. The role and connection between injury and remote regions was also examined in terms of hemodynamics using perfusion weighted imaging\[[@ref38][@ref39]\]. However, it is important to note that different imaging methods can produce differing results. For example, Madai *et al*\[[@ref40]\] reported that positron emission tomography was more sensitive to detect cerebellar diaschisis than perfusion weighted imaging using 1.5T MRI. Jeon *et al*\[[@ref41]\] analyzed 81 cases of acute cerebral infarction patients using multi-slice computed tomography, and evaluated the changes of cerebral blood flow, cerebral blood flow volume, mean transit time, and time to peak. Their results indicated that computed tomography perfusion imaging was a valid tool for the diagnosis of crossed cerebellar diaschisis in patients. Our study also suggested evidence of cerebellar diaschisis using changes in ADC values after MCAO.

In summary, we observed changes in ADC values in the cerebellum following an infarct core area in rodent MCAO models. These data demonstrate that diaschisis exists on both sides of the remote cerebellum, which was closely related to the nerve pathway from the site of infarction. Previous imaging evaluation of distant parts after supratentorial cerebral infarction are primarily limited to single photon emission CT, positron emission tomography, and perfusion weighted imaging. DWI is a routine sequence of clinical diagnosis of cerebral infraction that uses a high scanning speed without intravenous administration of contrast agents. Thus, DWI provides a convenient and efficient new method to evaluate diaschisis.

MATERIALS AND METHODS {#sec1-2}
=====================

Design {#sec2-5}
------

A randomized controlled animal experiment of neuroimaging.

Time and setting {#sec2-6}
----------------

The experiment was performed at the Clinical Centre of the First Affiliated Hospital of Wenzhou Medical College between December 2010 and March 2011.

Materials {#sec2-7}
---------

Thirty-five adult male Sprague-Dawley rats, weighing 260--300 g, were provided by the Experimental Animal Center of Wenzhou Medical College, China (license No. SYXK (Zhe) 2010-0150). The rats were fed with standard feed and had free access to water in a quiet room at 20--25°C and 70% humidity. Animal experiments were performed in accordance with the *Guidance Suggestions for the Care and Use of Laboratory Animals*, issued by the Ministry of Science and Technology of China\[[@ref42]\].

Methods {#sec2-8}
-------

### Establishing MCAO model {#sec3-1}

The left MCAO model was prepared according to Longa\'s method\[[@ref43]\]. We separated and exposed the common carotid artery, internal carotid artery, and external carotid artery, and then ligated the external carotid artery and its branches. A thread was inserted into the proximal part of common carotid artery. A small incision was then made close to the common carotid artery crotch, and a nylon suture inserted 18.5 ± 0.5 mm into the internal carotid artery and past the middle cerebral artery origin, to reach the proximal segment of the anterior cerebral artery. At this point, the intraluminal suture blocked the origin of the middle cerebral artery. The room temperature was maintained at 22°C, and each successful MCAO model was kept in a single cage.

### MRI detection {#sec3-2}

Before MRI examination, the animals were anaesthetized with two intraperitoneal injections of 10% chloral hydrate. Two groups of experimental animals were examined by MRI at 1, 3, 9, and 24 hours after modeling. MRI was performed using a 3.0-T GE (GE, Medical System, Milwaukee, WI, USA) scanner with single- channel birdcage coil, including conventional T1- weighted imaging, T2-weighted imaging, and DWI. The sequence parameters were as follows: sequence scanning 10 layers, thickness 2.4 mm, and zero-gap scanning. For T1-weighted imaging: fast spin echo sequence, time of repetition/time of echo = 2 000/13.1 ms, field of view 6.0, number of excitations = 8.00, matrix 64 × 64. For T2-weighted imaging: fast spin echo sequence, time of repetition/time of echo = 2 000/24.2 ms, field of view 6.0, number of excitations = 8.00, matrix 64 × 64. For DWI: spin echo, single-shot echo-planar imaging sequences, time of repetition/time of echo = 2 000/80.4 ms, field of view 6.0, matrix 64 × 64, diffusion gradient in mutually perpendicular X, Y, Z axis, two diffusion sensitivity coefficients *b* = 0 s/mm^2^ and *b* = 1 000 s/mm^2^, ramp sampling, and imaging acquisition time 64 seconds. Quantitative ADC maps were generated using dedicated commercially available software (Functool 2; GE Healthcare). Two senior magnetic resonance physicians compared and analyzed the ADC maps and then measured ADC value of the 2-mm^2^ region of interest.

### Harvesting specimens {#sec3-3}

After MRI scan was completed, rats were euthanized by overdose of anesthesia. We cut a 1-mm-thick area of each of the infarction and cerebellum according to MRI scanning levels. After paraffin embedding, we cut consecutive coronal sections (5 mm thick). The sections were placed in 60°C oven for 30 minutes after mounting, and then stored in a slice box at room temperature.

### Hematoxylin-eosin staining for detecting pathological change of brain tissue and cerebellum {#sec3-4}

Seven rats in each group (control group, MCAO 1-hour, 3-hour, 9-hour, and 24-hour groups) were collected, and two sections of the infarction core and contralateral cerebellum were selected for hematoxylin-eosin staining. Briefly, sections were dewaxed and rehydrated, rinsed in distilled water for 5 minutes, and then immersed in Mayer\'s hematoxylin for 5--10 minutes followed by rinsing for additional 5 minutes. The slices were then differentiated in 1% hydrochloric acid ethanol for 30 seconds, rinsed for 3 minutes to blue, and then immersed in eosin for 5 minutes, rinsed for 5 minutes, cleared, and mounted. We observed the pathological change using light microscopy (Olympus, Tokyo, Japan).

### TUNEL staining for detecting the apoptosis of nerve cells {#sec3-5}

Brain tissue sections of rats in each group were dewaxed and incubated with hydrogen peroxide, rinsed, incubated in Proteinase K, rinsed with PBS, incubated in TUNEL reaction mixture (Boehringer Mannheim, Beijing, China), rinsed with PBS, blocked with hydrogen peroxide methanol and sheep serum, incubated in transforming agent-peroxidase, rinsed with PBS, developed with DAB, rinsed with water, counter-stained in Mayer\'s hematoxylin, rinsed with water, differentiated in hydrochloric acid alcohol, rinsed, cleared, and mounted. Every section was counted manually in five high-power fields (200 × magnification). Finally, we calculated the average number of the TUNEL-positive cells.

### Statistical analysis {#sec3-6}

Data were statistically analyzed using SPSS 16.0 software (SPSS, Chicago, IL, USA) and the results were expressed as mean ± SD. The comparisons of ADC values in the normal control group were performed by paired *t*-test. ADC values in various locations and apoptotic cells (TUNEL-positive cells) at different time points were compared using repeated measures analysis of variance. A *P* value \< 0.05 was considered statistically significant.

**Research background:** Ischemic cerebrovascular disease can cause functional inhibition of remote regions (*e.g*., the cerebellum), which may be relevant to diaschisis.

**Research frontiers:** Previous studies have focused on changes in magnetic resonance diffusion-weighted imaging and apparent diffusion coefficient values in ischemic cerebrovascular disease lesions and the surrounding ischemic penumbra. However, the secondary changes in the cerebellum after supratentorial unilateral cerebral ischemic infarction are largely unknown.

**Clinical significance:** Apparent diffusion coefficient values can effectively detect and quantify changes in remote regions after supratentorial unilateral cerebral infarction, thus providing a new method for clinical evaluation of diaschisis after cerebral infarction.

**Academic terminology:** Diaschisis is the phenomenon where local brain damage can lead to transient functional inhibition of normal structures at remote regions that have neural fiber connections to the primary lesion.

**Peer review:** Apparent diffusion coefficient values were examined to explain the apoptosis of cerebellar nerve cells after unilateral middle cerebral artery occlusion. The analysis of pathological findings increased the strength of the paper.
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